We present a VECSEL based on a gain sample design which utilizes only a single-layer dielectric Al 2 O 3 coating for dispersion management. The gain structure generated pulse durations down to 193 fs in combination with a surface-recombination SESAM, with an average power of 400 mW at 1.6 GHz setting a new peak power record for sub-200 fs mode-locked VECSELs. The pulses obtained were, however, 2x transform-limited and a further FROG measurement of a similar laser is presented revealing a linear chirp and cubic spectral phase.
INTRODUCTION
Ultrafast optically-pumped vertical external-cavity surface-emitting lasers (VECSELs)
1 are compact and powerful laser sources that deliver high average powers at gigahertz repetition rates. 2 The compactness and GHz repetition rates of VECSELs are desirable for applications such as frequency combs. 3 No VECSEL has yet, however, produced a 100-fs pulse train at a 1-GHz repetition rate with Watt-level average power, the performance required to generate a self-referenced frequency comb. 4, 5 This target performance represents one of the main challenges within the mode-locked VECSEL community, where a trade-off between average power and pulse duration has been observed, due to the inverse relationship between large gain-bandwidth, for shorter pulses, and high small-signal gain, for higher average powers.
1
Passive mode-locking using semiconductor saturable absorber mirrors (SESAMs) 6 remains so far as the most successful technique to generate ultrafast pulses in VECSELs. The benchmark performances for mode-locked VECSELs have been set in the near-infrared at wavelengths around 1 µm. To date the shortest pulse durations generated are 60 fs for pulse groups 7 and 107 fs for single pulses, 8 with average powers of 35 mW and 3 mW, respectively. Higher average powers of 5.1 W with 682-fs pulses 9 and 3.3 W with 400-fs pulses 10 have been achieved, where the latter result sets the current peak power record of 4.35 kW. Recently a new mechanism to obtain pulsed VECSELs has been reported, called self-mode-locking (SML) as it does not require a SESAM.
11
However SML-VECSELs have not yet generated sub 500-fs pulse durations 11 and the mechanisms are still a topic of intense investigation 12, 13 and discussion.
14 Approaches to modify the pulse characteristics after the VECSEL, such as fiber-amplification, to raise the average power, 15, 16 or non-linear broadening with compression schemes, to reduce the pulse duration, 12 have been employed in order to overcome this limitation. The first self-referenceable frequency comb from a VECSEL has been reported by Zaugg et al. where both external schemes, amplification and non-linear broadening with compression, have combined together to achieve the necessary average power and pule duration at the cost, however, of compactness.
5
Sample design and fabrication lie at the heart of the drive towards 100-fs pulsed VECSELs with Watt-level average powers. Thermal management techniques to raise the available average power require additional steps in the fabrication of VECSEL gain structures which has made it a significantly more complex process.The socalled "flip-chip" design where the growth substrate, a poor thermal conductor, is removed and replaced with a better thermal conductor, typically diamond, has been a disruptive technology that contributed to a number of benchmark results. 9, 10, 17 Repeatability of grown and processed structures is becoming an issue with the increasing complexity of sample design and fabrication processes. Thus it has become necessary to develop a number of experimental techniques to characterize gain and SESAM structures to compare theoretical and actual grown parameters to optimize sample design and fabrication.
18-26
One particular aspect that becomes more important the closer the pulse duration approaches 100 fs is the group delay dispersion (GDD). According to Sieber et al. a cavity GDD as flat and close to zero as possible over the lasing spectrum is required for sub-200-fs pulses. 27 Dispersion management in sub-ps ML-VECSELs is achieved by adding multi-layers of semiconductor and dielectric materials to the gain and SESAM structure.
5, 14, 27
However, the additional layerstacks add further complexity to the fabrication process.
In the work presented here we use the broad-bandwidth short-microcavity sample design introduced by Turnbull et al. 28 adapted for the flip-chip fabrication. 29 The improved thermal management allows for a resonant periodic gain using quantum-well-pairs. A single dielectric-coating was used for dispersion management. 30 We report a 193-fs ML-VECSEL with average powers of up to 400 mW and peak power above 1 kW, setting a new record for sub-200-fs ML-VECSELs. The emitted pulses were, however, not transform-limited, with a spectral full-width at half-maximum (FWHM) of over 11 nm. A subsequent investigation using a frequency-resolved optical gating (FROG) 31 system on a similar laser showed a complex phase structure similar to that of a linear chirp and a cubic spectral phase.
LASER DESIGN
Key elements in the layer design are a dielectric coating, a resonant periodic gain structure, and a distributed Bragg reflector (DBR). A schematic of the layer structure is depicted in Fig.1 . The DBR consists of an alternating stack of 27.5 Al 0.15 Ga 0.85 As/AlAs layer pairs. With this material configuration, the DBR provides a high reflectivity for the emission wavelength, around 1035 nm) (R > 99.9%) but is non-absorbing for the pump wavelength of approximately 808 nm. Due to the transparency of the DBR and a Ti/Au metalization which terminates the semiconductor layer structure, the transmitted pump light is reflected back into the active region almost without attenuation, thus improving the pump absorption. The active region contains 4 InGaAs quantum well (QW) pairs. Each pair is centered on an antinode of the electric field intensity and the QWs are separated by a 20-nm GaAs layer. The QWs are embedded in GaAs layers and surrounded by Ga 0.98 AsP 0.02 barriers that compensate the compressive strain of the QWs. 29 An AlAs window layer for carrier confinement and a GaAs capping layer follow the active region and finish the semiconductor layers.
The gain structure was grown in reverse order, by solid-source molecular beam epitaxy (MBE) on (100)-oriented GaAs substrates, capping layer first and DBR last. Following growth the structure was cleaved and soldered upside down with indium to 300 µm-thick CVD diamond heatspreader submounts. The submounts in turn were soldered and embedded into gold-plated copper heat-sinks for more efficient heat removal. The GaAs substrate was removed by wet chemical etching. The structure was coated with a 160-nm thick Al 2 O 5 -layer to broaden the E-field enhancement on the QWs around the emission wavelength and, thus, the gain bandwidth, shown in Fig. 2 a) . This particular dielectric-coating material, Al 2 O 5 , has been chosen because the single-layer design results in a nearly flat GDD for the gain structure over a 30-nm wavelength range, -26 ± 24 fs 2 see Fig The gain bandwidth of the gain structure has been experimentally characterized using a wavelength-tunable continuous wave (CW) Ti:sapphire laser (Spectra-Physics 3900S) to measure the reflected versus incident light in a setup similar to that presented by Borgentun et al. 19 and Mangold et al. 18 In order to match the operating conditions as closely as possible the pump spot radius and the heat sink temperature were kept the same as during lasing experiments. The maximum small signal gain observed was ∼ 2.4 % with 30 W of pump power, just before thermal rollover would set in during CW lasing. The full-width at half-maximum (FWHM) gain bandwidth was measured to be up to ∼ 50 nm, as shown in Fig.3 . For passive mode-locking a fast surface-recombination QW semiconductor saturable absorber mirror (SESAM), grown by MBE, was used. The QW-SESAM consists of a 27.5-pair GaAs/AlAs DBR, a GaAs spacer layer, a single InGaAs-QW and a 2-nm GaAs capping layer. In order to reduce two-photon absorption the GaAs spacer layer was kept short with a 13.5-nm thickness and the resulting E-field enhancement on the QW was on the long-wavelength side of the DBR. A more detailed description of surface-recombination SESAMs for passive mode-locking with VECSELs can be found in Ref.
1, 32
The CW-Ti:sapphire reflectivity setup, without the pump laser, was used to measure the linear reflectivity of the surface-recombination SESAM, see Fig. 4 a) . The absorption feature has a minimum at ∼ 1032 nm. The nonlinear reflectivity of the SESAM was measured with a system based on that presented by Maas et al. 25 To match the target intra-cavity lasing conditions, wavelength and pulse duration, a Ti:sapphire probe laser (Coherent Chameleon) with a center wavelength of 1035 nm, a 200-fs pulse duration and a 80-MHz repetition rate was used. 
EXPERIMENTAL RESULTS
The cavity geometry used for the mode-locking experiment was a V-cavity, as shown in Fig. 5 , formed by a 100 mm radius-of-curvature 1.45 % output coupler (OC), the optically-pumped gain structure and the SESAM. The distance between the OC and the gain structure, and the gain and the SESAM were 68 mm and 27 mm, respectively. The pump laser was a commercial fiber-coupled 808-nm diode array which could deliver up to 30 W. The pump spot radius on the gain sample was 180 µm. Both the gain sample and SESAM were mounted on Peltier temperature-controlled water-cooled copper heat sinks, where the temperatures of the heat sinks were both kept at 20
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Water cooled heat sink Figure 5 . V-cavity formed by a 100 mm RoC 1.45 % output-coupler, the optically-pumped gain structure and the SESAM. The pump laser was angled close to perpendicular with respect to the sample to obtain a circular pump spot.
With 30 W of pump power incident on the gain sample, mode-locking was observed with an average power of up to 400 mW. The obtained average power was limited by damage to the surface of the SESAM. Damage typically occurred at average output powers above 400 mW, where the fluence on the SESAM approaches more than 75 µJ/cm 2 . This corresponds to the regime where induced absorption effects start to dominate, as observed during non-linear reflectivity measurements shown in Fig. 4 b) .
A second-harmonic intensity auto-correlation was measured and with a sech 2 -shaped fit a pulse duration of 193 fs was extracted, see Fig. 6 a) . On a radiofrequency (rf) spectrometer we measured a repetition rate of 1.6 GHz with equally powerful harmonics visible indicating stable mode-locking. The repetition rate was 1.6 GHz resulting in a peak power of 1.1 kW. To the authors best knowledge, this represents the first report of kW-level peak power from a VECSEL emitting sub-200-fs pulses. The optical spectrum, shown in Fig. 6 b) , had a FWHM of 11.5 nm centered at a wavelength of 1040 nm. The corresponding time-bandwidth product (TBP) of the pulses is twice the transform-limited value for sech 2 pulses. The shoulder on the long wavelength side of the spectrum suggests that there is a complex underlying phase structure. In order to investigate this phase a FROG study of similar pulses was undertaken, described below.
To analyze the temporal and spectral phases a commercial second-harmonic generation FROG system was used (FROGScan from Mesaphotonics). Between the 193-fs result and the FROG measurements the gain sample used to generate the results in Fig. 6 was permanently damaged due to burning at a sample defect site caused by problems during the In-soldering fabrication step. The results presented below have been taken with a different gain chip from the same wafer that produced results that had the closest resemblance to the 193-fs results.
With the replaced gain chip, the laser generated a train of 224-fs pulses with an average power of 270 mW at a repetition rate of 1.6 GHz, using the same cavity design as in Fig. 5 . The SHG-autocorrelation and spectrum are shown in Fig. 7 a) and b) , respectively. The pulse duration was slightly longer than in the previous experiment, however, this laser also exhibited a spectral bandwidth of over 11 nm. The shape of the optical spectrum is similar to that presented in Fig. 6 with a shoulder on the long wavelength side, but a slightly lower centerwavelength of 1033 nm. The inset in Fig. 7 b) shows the optical spectrum on a log scale with no cw instabilities present. The difference in performance is likely due to the small differences in layer thicknesses in the chip caused by the deposition variation across the wafer during the growth process. Mangold et al. have reported that even small variations of layer-thicknesses on the same chip can lead to a significant variation of lasing performances.
14
The FROG spectrograms, measured and retrieved, are shown in Fig 7 c ) and d), respectively with a grid-size of 256 by 256 points. The FROG error, the rms error between the measured and the retrieved trace, is 0.0027 indicative of a very good agreement. The FROG retrieval algorithm is only successful for mode-locked lasers, and will not converge in the presence of mode-locking instabilities.
The FROG spectrograms reveal that the short and long wavelength components arrive later, or earlier, than the intermediate wavelength components. Note that a SHG-FROG trace, similar to a SHG-autocorrelation, is symmetric in delay and, as a result, it has an ambiguity in the direction of time. 31 The trailing of the outer wavelength (frequency) components cause beats in the time domain, i.e. satellite pulses. Fig. 7 e) shows the retrieved pulse which reveals the satellite pulses, however, due to the symmetry in the SHG-FROG it is not possible to say whether the satellite pulses precede or trail the pulse. 33 The shape of the FROG trace and the satellite pulses are similar to that of a cubic spectral phase (CSP) relation. 31 The FROG spectrogram, however, is not symmetric in wavelength which suggests a further linear chirp is present. 33 The parabolic component in the phase of the retrieved spectrum, Fig. 7 f) , further confirms the linear chirp, however, it is not possible to say whether it is positive or negative due to the symmetry in delay. It appears that in this case we observe a linear chirp, a second order phase distortion due to GDD, and CSP, a third order phase distortion due to third order dispersion, in the VECSEL cavity. The FWHM of the retrieved pulses is 223 fs, which is in good agreement with the autocorrelation. However, the satellite pulses are barely visible in the wings of the pulse in the autocorrelation and could easily be missed. The retrieved spectrum has a FWHM of over 11 nm and the corresponding TBP of the pulses is, similar to the 193-fs result, just over twice the ideal value for sech 2 -transform-limited pulses. Linear chirp amplifies the effects of CSP which can be used to reduce the CSP in compressors by increasing the linear chirp to make CSP more visible in order to be able to compensate for it and then reduce the linear chirp again. 33 The combined appearance of linear chirp and CSP is often observed in chirped pulse amplification systems when the compressor is not adjusted correctly, conversely a compression stage, adjusted to compensate both the second and third order phase, could be used to further reduce the pulse duration of the here presented VECSEL.
The SESAM used in these experiments had a DBR centered at 1020 nm, in order to reduce the GaAs spacer, and its absorption feature on the long wavelength side of the DBR. The GDD is negative and decreases with longer wavelengths thus the SESAM contributes almost an order of magnitude more negative calculated GDD to the cavity compared to the gain sample. This is likely to be the limiting factor and further experiments with a SESAM design with a flatter and closer to zero GDD design is required. However, it is worth noting that the GDD values are based on calculations at room temperature and the SESAM is likely to operate at temperatures much higher as we observe surface damage.
The observed spectral components of over 11 nm would allow for the generation of down to 100-fs pulses suggesting that the gain sample design generates sufficient gain bandwidth. However, improved dispersion management for both second and third-order dispersion, and possibly even higher-orders, will be necessary in order to achieve 100-fs-pulsed VECSELs. 
CONCLUSION
We have demonstrated a new gain sample based on a QW-pair short-microcavity-design with only a single dielectric layer for dispersion management that generated 193-fs pulses with a record peak power of just over 1 kW for sub-200-fs VECSELs. The pulses were, however, up to twice the transform-limit for sech 2 pulses with an observed spectral FWHM of 11.5 nm. A Further FROG analysis of a similar laser, generating longer pulses of 224 fs but a similar spectral width of over 11 nm, has been presented. The FROG measurement revealed a shape similar to that of a linearly chirped pulse with a cubic spectral phase as observed by the shape of the spectrogram and satellite pulses. The use of a FROG-analysis for sub-300 fs pulses seems to be imperative to clearly asses the phase structure with possible higher-order phase distortions and effects such as small satellite pulses that are not visible in the SHG autocorrelation.
The observed spectral width could support pulses with a 100-fs duration, suggesting that the gain bandwidth of the gain sample is sufficient to achieve the target pulse duration of 100-fs and has been measured to be 50 nm. Thus further design optimization should be focused on GDD and third-order dispersion management. It is not clear, whether the single dielectric layer dispersion management design is sufficient as the SESAM used in the experiment contributed almost an order of magnitude more negative calculated GDD compared to the gain sample. This is likely to be the limiting factor and further experiments with an improved SESAM design are required. Furthermore the obtainable average power during mode-locking is limited by the surface-recombination SESAM as the intra-cavity fluences at the SESAM are approaching levels where induced absorption effects are starting to dominate as observed in a non-linear reflectivity measurement with similar pulse durations. Replacing the GaAs barriers around the QW with AlAs barriers is likely to improve the power tolerance of the SESAM as discussed by Saraceno et al.
34
The results presented here represent a further step closer towards the 100-fs pulse duration with Watt-level average powers at which point VECSEL will be interesting sources for applications such as compact gigahertz frequency combs.
